Focal cerebral ischemia was induced by oc clusion of the middle cerebral artery in rats. The volu metric assessment of infarcted tissue, 2 days following occlusion, was calculated from the examination of eight preselected coronal sections. Five differing rat strains were examined. A small and variable infarcted volume was seen in Wistar-Kyoto rats; Sprague-Dawley rats had a relatively large, but still variable, infarcted volume. Of the normotensive rat strains, the most reproducible volume of infarcted tissue was seen in Fischer-344 rats; also the absolute value of the infarcted volume did not vary from one series to another in this strain. Chronic arterial hypertension, studied in both normal and stroke prone spontaneously hypertensive rats, was associated with significantly larger infarction volumes. Age does not change the volume of necrosis: Fischer-344 rats were studied at 3, 9, and 20 months of age, and no significant differences were noted between these ages. Experimental
diabetes was induced by the administration of streptozo tocin 3 days prior to middle cerebral artery occlusion. Severe hyperglycemia (>400 mg/dl) was associated with a considerably increased volume of infarction. The vari ability of the resultant lesion is high in the most com monly studied strains, but our results suggest that, for studies in normotensive rats, the use of the Fischer-344 strain produces a standardized and repeatable infarction that may be significantly modified by experimental inter ventions. Age is not a factor that affects the occlusion-in duced infarction; in contrast, both chronic arterial hyper tension and experimental diabetes aggravate the histolog ical consequences of middle cerebral artery occlusion in the rat. We conclude that quantitative histological evalua tion of infarct size allows a meaningful assessment of the gravity of focal cerebral ischemia. Key Words: Cerebral ischemia-Age-Fischer-344 rats-Arterial hyperten sion-Diabetes-Infarction size.
pertinent to our understanding of stroke in humans (MacKenzie et aI. , 1986) .
The experimental occlusion of the middle cere bral artery has a long lineage, and the procedure has been described in the dog (Harvey and Ras mussen, 1951) , the monkey (Meyer and Denny Brown, 1957) and the cat (Sundt and Waltz, 1966) . Nonetheless, the inconstancy of brain lesions in large laboratory animals led one reviewer to con clude that the "temporal and spatial circulatory variabilities make the method of middle cerebral ar tery occlusion unsuitable for many of the statistical comparisons that are required in experiments that attempt to predict the evolution of the lesion and to evaluate therapeutic interventions" (Garcia, 1984) .
In an attempt to overcome this lesion variability in large animals, a number of groups were prompted to develop a model of middle cerebral ar-tery occlusion in the rat (Robinson et aI., 1975; Al banese et aI. , 1980; Ta mura et aI. , 1981a; Coyle, 1982) . However, considerable differences exist in these various experimental approaches in terms of lesion size, location, and variability-differences that have been attributed to factors such as the age and strain of the rat employed.
A further confusion resulted from the techniques used for assessment of the importance of the in duced cerebral ischemia. A multitude of ancillary factors have been examined, including cerebral blood flow, brain edema, and the extent of blood brain barrier disruption. However, the only truly acceptable end-point and measure of brain ischemia is neuronal loss, and this parameter can only be di rectly and meaningfully determined by quantitative histology. In our present study, we have attempted to assess the importance and variability of brain in farction induced by middle cerebral artery occlu sion in a number of rat strains. Further, we have examined the importance of factors such as age and diabetes on the resultant necrotic volume. Our aim was to develop a model that would eventually be more amenable to the study of the pathophysiology and therapy of cerebral ischemia.
Preliminary reports of some of the results of the present study have already been published as ab stracts (Duverger et aI. , 1985 (Duverger et aI. , , 1987a .
MATERIALS AND METHODS

General preparation
All experiments were carried out in male rats of various strains, as later described. The rats were housed at 22 ± 0.5°C, 50% humidity, in a 12 h light-dark cycle with free access to standard laboratory chow and water both before and after the surgical intervention. Anes thesia was induced in rats with 4% halothane in O2 and was maintained with either 1.5% halothane (Fischer-344 and spontaneously hypertensive rats) or 2% halothane (Wistar-Kyoto and Sprague-Dawley rats) in O2 via a face mask.
The middle cerebral artery was occluded by the tech nique of Ta mura and his colleagues (l981a) as modified by . In brief, following a vertical scalp incision, mobilization of the parotid gland, and enucleation, the temporalis was divided vertically and retracted anteriorly and posteriorly. The zygoma was kept intact. Through a small subtemporal craniectomy, performed with a saline-cooled dental drill, the left middle cerebral artery was thermocoagulated immedi ately proximal to the origin of the lenticulostriate ar teries. When the lenticulostriate arteries were visibly and markedly dispersed in origin, the zone of middle cerebral artery coagulation was extended distally, by 1-2 mm, to overlie the olfactory tract. In pilot studies, which have not been included in the present report, an unacceptable degree of variability in infarction volume was noted when the artery was occluded too distally and the origin of the lenticulostriate arteries remained patent. The main trunk J Cereb Blood Flow Metab, Vol. 8, No. 4, 1988 of the middle cerebral artery was then severed; virginia mycin (Staphylomycine) was applied topically, and the skin incision was sutured. On average, the entire proce dure took 30 min, and no special measures were taken to maintain body temperature during this period.
Neuropathology
Two days following the surgical intervention, the rats were again anesthetized with 2% halothane. Heparin (1,000 IV/kg), i.v. was administered. Following a thora cotomy, a catheter was placed in the ascending aorta via the apex of the left ventricle. The right atrium was in cised, and the inferior vena cava was clamped. Next, the animal was first perfused with 20 ml of heparinized saline and then with 150-200 ml of a fixative over a period of 6-8 min, until such time as the atrial return was cleared of all blood elements. The composition of the fixative (FAM) was 40% formaldehyde, glacial acetic acid, and absolute methanol in the ratio 1: 1:8 on a volume basis.
The animals were decapitated, and the brains were re moved and placed in FAM fixative for a minimum of 48 h. The entire brain was embedded in paraffin and coronal sections, 15-f.l.m thick, were cut throughout the rostro caudal extent of the brain. The sections were then stained, by a method combining hemalum and phloxine B, and mounted on slides under coverslips.
Quantification of histological damage
The coronal sections were placed in a photographic en larger and projected onto photocopies of the same co ronal levels taken from the atlas of Konig and Klippel (1963) . The surface of the infarction was drawn and the infarcted surface was measured by planimetry. Question able instances were examined by conventional light mi croscopy. The coronal levels chosen with their anatom ical landmarks and their anterior coordinates (with re spect to the interaural line) in millimeters were as follows: (1) intermediate olfactory tract, 10.5; (2) pre frontal cortex, 10.05 (nucleus accumbens, 9.41); (3) cau datoputamen, 8.38 (septal nuclei, 7.19); (4) globus pal lidus, 6.28; (5) anterior hypothalamus, 5.15; (6) lateral amygdala, 4.23; (7) posterior thalamus, 3.29; and (8) me dial geniculate body, 2.18.
The total volume of infarction was determined by the integration of the surfaces of the eight chosen sections and the distances between them. The rostral and caudal limits for the integration were set at the frontal and occip ital poles of the cortex (Osborne et aI., 1987) . Statistical differences between groups of rats were identified by analysis of variance followed by Duncan's test. Compar atively large intervals were set between sections 2 (pre frontal cortex) and 3 (caudatoputamen) and between sec tions 3 and 4 (globus pallidus). We therefore sought to examine if the inclusion of intermediary sections (at the levels of the nucleus accumbens and septal nuclei, see above) might not demonstrate a systematic under-or overevaluation of the infarction volume, based on the eight chosen coronal sections. Accordingly, in seven rats, we calculated the hemispheric volume of infarction based on ten rather than eight coronal sections. With the inclu sion of the two supplementary sections, the infarction volume was found to be 2.1 ± 0.8% (mean ± SD) greater than that based on the eight chosen sections; we con clude that the choice of the above eight levels leads to a slight, almost meaningless, underestimation of the total infarction volume.
To gain an impression of the topography and incidence of the infarction, the infarcted surface area of individual coronal slices, at given coordinates, was superimposed. The boundary of infarction in each animal was redrawn on a single reproduction of the corresponding coronal section. Based on this, we could delineate boundaries corresponding to (1) the surface area that was infarcted in all animals; (2) the surface area necrosed in 50% or more of the animals; and (3) the maximal extent of the infarc tion based on the limits even if evidenced by a single an imal.
Differences between strains
We examined the effects of middle cerebral artery oc clusion in five commonly used strains of laboratory rats. In each strain, eight rats were used. The strains, and their provenance, were the following: Wi star-Kyoto (WKY; Charles River, Italy); Sprague-Dawley (CD]; Charles River, France); Fischer-344 (Charles River, France); spontaneously hypertensive rats (Charles River, Italy); and stroke-prone spontaneously hypertensive rats (CNRS, Orleans, France). All rats weighed between 260 and 300 g at the time of the middle cerebral artery occlu sion. The systolic arterial pressure, by the tail cuff method, of the spontaneously hypertensive rats was 160-180 mm Hg and of the stroke-prone spontaneously hypertensive rats was 200-220 mm Hg.
Experimental diabetes
The effects of streptozotocin-induced diabetes were examined in two strains: the Wi star-Kyoto and the Fischer-344 rats. In the Wistar rats, streptozotocin (Sigma) was injected i.v. (55 mg/kg), 72 h prior to middle cerebral artery occlusion. These diabetic rats were com pared with those of the same strain described in the pre ceding section. In the ten Fischer-344 rats, streptozotocin (25 mg/kg, i. v.) was again administered 72 h before occlu sion; a control group (n = 7) received the vehicle alone (citrate buffer in distilled water; pH, 4.2). Blood glucose concentrations were measured, prior to streptozotocin or vehicle, at the time of occlusion and at the time of death in these groups of rats.
Age
We studied the effects of age on the infarction size consequent to middle cerebral artery occlusion in three groups of Fischer-344 rats. Te n 3-month-old rats were compared with six 9-month-old rats and eight 20-month old rats.
RESULTS
General
No mortality whatsoever was associated with any of the experimental groups included in the present study. The behavioral changes 1 h following occlusion may be summarized as follows: slight hy peractivity, an increase in aggressivity, and a turning ipsilateral to the lesion. Similar behavioral changes have been reported before (Robinson et aI., 1975; Robinson and Bloom, 1978; Ta mura et aI., 1985; Bederson et aI., 1986b) . The ipsilateral turning is probably best explained by sensory ne-glect consequent to the enucleation. Seizures were not observed.
Macroscopically, the occluded brains appeared well-perfused with a slightly pink and soft zone ip silateral and distal to the stem of the coagulated middle cerebral artery. Rarely, a small amount of coagulated blood was present in the subarachnoid space in the immediate vicinity of the point of coag ulation. There was never any evidence of bleeding into any of the intracranial compartments. In gen eral, there was no evidence of brain swelling or in ternal herniation. Nonetheless, in the hypertensive and diabetic groups of animals, the brains appeared slightly edematous, and a small external herniation was often apparent at the site of the craniotomy used to expose the middle cerebral artery.
The borders of the infarction were sharply delin eated on the brain sections that were stained with hemalum and phloxine B (Fig. 1 ). On projection, this boundary was enhanced; questionable in stances were rare, and we resorted to light micros copy in them.
Overall, middle cerebral artery occlusion led to a remarkably consistent pattern of necrosis. The ros tral limit was at the level of the intermediate olfac tory tract; all animals displayed an infarction dorsal to the rhinal fissure which could attain the frontal and primary olfactory cortices. More caudally (+ 10. 05 mm) the pattern was the same; the nucleus accumbens was very rarely infarcted. At the level of the caudatoputamen (which was invariably dam aged), the highest incidence of the infarction was seen at the ventral surface of the brain, corre sponding to the primary olfactory cortex. The fron toparietal somatosensory cortex was affected to a greater or lesser degree. The infarction reached its maximum extent, in terms of necrotic surface area, at the level of the globus pallidus (+ 6.28 mm).
Again, the caudatoputamen was systematically in farcted though the degree of cortical involvement was variable. More caudally, the infarction size tended to decrease at the coronal section that cor responded to the level of the anterior hypothal amus. The tail of the caudatoputamen and the ex ternal capsule were frequently involved, whereas the involvement of the frontoparietal somatosen sory cortex was more erratic. Thereafter, especially in the normotensive strains, the infarcted surface area decreased rapidly and was limited to the dorsal convexity of the cortex and the external capsule.
The reproducibility of the measurement of isch emic damage was examined so as to exclude major variation in observer assessment. The area of ne crosis, at ten coronal sections in three rats, was performed twice with an interval of at least 6 months between readings. The plot of the first reading against the second allowed the calculation of the coefficient of linear correlation, which was revealed to be excellent (r = 0.993; p < 0.01). The slope of the relationship was 1. 04 (i.e. , not signifi cantly different from unity), and the intersection was 0.08 (i.e., not significantly different from the origin). As a measurement of reproducibility, the average deviation (defined as the root of the sum of standard deviation between replicate readings di vided by the total number of readings) was calcu lated and found to be 0.75 mm2. The infarcted sur face area varied from 0.7 to 23. 5 mm2. These re sults indicate that the observer variability in the measurement of ischemic surface areas is minimal.
Differences between strains
The total infarcted volume in five strains (each a group of eight rats) is shown in Ta ble 1. The volume was relatively large in the Sprague-Dawley rats (98.8 ± 11.5 mm3) but with a considerable vari ability. In another commonly used strain, the Wistar-Kyoto rats, the infarcted volume was small but the variability was extreme. Of the normoten-J Cereb Blood Flow Metab, Vol. 8, No.4, 1988 sive strains, only the Fischer-344 rats presented with a consistent and sizeable infarcted volume ( Table 1) .
The situation was different in the two strains of hypertensive rats. In both, middle cerebral artery occlusion resulted in a very considerable volume of infarction, and the interanimal variability was min imal. To illustrate the differences among the five rat strains, we examined the incidence and topography of the infarcted surface area at the level of the cau- datoputamen (Fig. 2) . As described earlier, the striatum and primary olfactory cortex were univer sally infarcted. In the normotensive strains, the frontoparietal somatosensory cortex was variably affected; the motor area (dorsally sited) was in farcted only in the spontaneously hypertensive rats and stroke-prone spontaneously hypertensive rats. Figure 2 well illustrates the considerable reproduci bility that is found in the hypertensive rats. Not only was there a greater infarcted surface area at any given coronal section in the hypertensive rats, but the caudal limit of the infarction was also situ ated more posteriorly. The dorsolateral cortex was consistently infarcted at the level of the posterior thalamus and even at the level of the medial genicu late body.
Analysis of variance showed that all comparisons between groups were significantly different (p < 0.01) with only two exceptions: Sprague-Dawley versus Fischer-344 and spontaneously hypertensive rats versus stroke-prone spontaneously hyperten sive rats.
Experimental diabetes
Streptozotocin-induced diabetes was studied in both Wistar-Kyoto and Fischer-344 rats. Three days following the i. v. administration of 55 mg/kg streptozotocin, a marked hyperglycemia occurred in Wistar-Kyoto rats (Table 2) . In pilot studies, the Fischer-344 rats were unable to support the same dose of streptozotocin, which provoked coma and death in the 24 h following its administration in these rats; however, a lower dose of streptozotocin (25 mg/kg, i.v.) was found satisfactory. At the doses employed, no overt behavioral signs were noted in the 3 days following streptozotocin administration. However, there was a slight decrease in body weight, diuresis, and increased fluid intake in the diabetic rats. Plasma glucose rose by 300-350% of the values found in normoglycemic control animals.
Middle cerebral artery occlusion was associated with a greater volume of infarction in both the Wistar-Kyoto and Fischer-344 rats ( Table 2 ). The percentage increases were 40% in the former group and 36% in the latter group. However, this in creased volume was only significant in the Fischer-344 rats, presumably because of their lower coeffi cient of variation (Tables ] and 2). The absolute values for the infarcted surface area, at the eight selected coronal sections, are provided for both the control and diabetic Wistar-Kyoto and Fischer-344 rats in Fig. 3 .
Age
Three age groups of Fischer-344 rats were studied 3, 9, and 20 months of age. The body weights were 289 ± 5, 424 ± 11, and 428 ± ]6 g in the first, second, and third age groups, respec tively. There were no obvious behavioral changes among the three age groups; furthermore, in the 20month-old group, there were no evident signs of neoplasticity although three out of eight rats pre sented with bilateral, advanced cataracts. Following middle cerebral artery occlusion, there was no significant relationship between the infarct volume (Table 3 ) and age in the Fischer-344 rats. The data are presented as means ± SEM; no significant dif ferences were noted between groups (analysis of variance).
Reproducibility of the lesion
We had the opportunity to study the occlusion induced infarction volume on four separate occa sions. In each instance, the rats were of the same age (3 months), of similar mean body weights (=285 g), of the same strain (Fischer-344), and from the same supplier (Charles River, France). Seven to ten rats were included in each group. As shown in Table 4 , the mean volume of infarction was remark ably similar in each of the four studies. No signifi cant differences existed between groups.
The volume of infarction, corresponding to cor tical tissue only, was calculated in the four groups of Fischer-344 rats (Table 4 ). Thus, cortical infarc tion was shown to account for approximately 54% of the total infarction volume. Based on the 32 rats of Ta ble 4, the mean total infarction was 105.3 ± 3.9 mm3 (coefficient of variation, 20%), the volume of cortical infarction was 56.6 ± 3.7 mm3 (coeffi cient of variation, 35%), and the volume of in farcted subcortical tissue was 48.8 ± 1.4 mm3 (co efficient of variation, 16%). The variability of the cortical infarct was markedly greater than that of the total brain infarction volume; however, the hemispheric volume was linearly related to the cor tical (but not subcortical) volume of infarction (the coefficient of correlation, 0.931; p < 0.01).
DISCUSSION
Methodological aspects and approaches
Three or four approaches have been described for the occlusion of the middle cerebral artery in the rat. Each, according to the literature, results in an ischemic lesion of varying importance and ana tomical location. The model of Robinson (1981) in volves an extensive craniotomy with ligation and section of the middle cerebral artery superior to the rhinal fissure in Wi star rats; this approach results in a rather small frontoparietal infarction that is lim ited to the cerebral cortex and spares subcortical tissue. The model of Robinson has been used in a number of neurochemical investigations (Robinson et aI., 1977 (Robinson et aI., , 1980 Materossi et aI, 1982) as well as in behavioral studies (Robinson et aI., 1975; Rob inson and Bloom, 1978; Robinson and Coyle, 1980) . Interestingly, it has been shown that, based on neu rochemical and behavioral indices, there are con siderable differences between the consequences of right and left middle cerebral occlusion (Robinson and Coyle, 1980) . In our present investigation, we did not examine these differences, but, on anatom ical grounds, there is every reason to believe that, even in the rat, one should not equate right and left middle cerebral artery occlusion.
The approach of Coyle (1982) involves a small craniotomy and a relatively distal occlusion of the middle cerebral artery in Wistar rats. Again, the caudatoputamen is not involved, and the resulting infarction is small, variable, and limited to the cortex immediately adjacent to the site of occlu sion. Coyle's method has been used in, morpho metric studies of cerebrovascular collateral supply (Coyle, 1984 (Coyle, , 1986a as well as in studies of the pathological consequences of middle cerebral ar tery occlusion in spontaneously hypertensive rats (Coyle and Jokelainen, 1983; Coyle et aI., 1984; Coyle, 1986b) .
It is the model of Ta mura and his associates (Ta mura et aI., 1981a (Ta mura et aI., , 1981b ) that has received the widest attention. Their subtemporal approach, which involves coagulation of the middle cerebral artery proximal to the lenticulostriate arteri e s, pro duces a reliably large cortical infarction that also extends to the lateral part of the striatum. Ta mura's method has been employed to study the vascular Data are ranked and then presented as means ± SEM; no significant differences were noted between groups (analysis of variance). and metabolic consequences of focal ischemia in the rat (Tyson et aI., 1984; Shigeno et aI., 1985a Shigeno et aI., , 1985b . Furthermore, this model has allowed the autoradiographic determination of the changes in cerebrovascular permeability and tissue pH fol lowing middle cerebral artery occlusion (Tyson et aI. , 1982; Kobatake et aI., 1984; Hakim, 1986 ). The fourth method described in the literature for the oc clusion of the rat middle cerebral artery is not dis similar from that developed by Ta mura et ai. (Al banese et a!., 1980) . We elected to adopt the Ta mura et a!. model in order to study the neuropathological consequences of middle cerebral artery occlusion in the rat. Our reasons were threefold: the lesion is important, in volving both the cortex and striatum; there is no mortality; and the rats recover satisfactorily from the surgical intervention (Tamura et aI., 1983; Shi geno et aI. , 1985b) .
The model of Ta mura et a!. was applied to Sprague-Dawley rats; the other approaches were carried out in Wistar rats. In the present investiga tion, we demonstrated that middle cerebral artery occlusion causes a small and variable infarction in Wistar-Kyoto rats and a larger but equally variable infarction in Sprague-Dawley rats. We believe that the Fischer-344 rat is the normotensive strain of choice for such investigations. The lesion in this rat is similar in size to that observed with the Sprague Dawley rat, yet the coefficient of variation is con siderably less significant. Consequently, one can detect a significant increase in lesion size of 40%, if not better, as seen in those animals in which hy perglycemia was induced. Conversely, we have been able to demonstrate that the posttreatment of Fischer-344 rats with glutamate antagonists and a metabolic depressant will reduce in a dose-related manner the volume of infarction, which is signifi cant at -25% (Duverger et aI., 1987b; unpublished results) . In summary, we consider that the Fischer-344 strain, because of the reproducibility of results in these rats, offers major advantages in the study of the pathophysiology and therapy of focal cere bral ischemia.
It is difficult to compare the lesion size we ob tained with the literature as many authors express the lesion size as surface area of cortical infarction (Coyle et aI., 1984; Chen et aI., 1986) . Such an esti mate fails to take into account the total infarct volume, which, as in the present study, includes al most the total mass of the striatum. In those studies that could be considered comparable with the present investigation, the hemispheric lesion volume varied between 11 and 21 % of the total tissue volume in the Sprague-Dawley strain J Cereb Blood Flow Metab, Vol. 8, No.4, 1988 Mohamed et a!., 1985; Gotoh et aI., 1986; Bederson et aI. , 1986a) . We found a hemispheric lesion volume of 24% in Sprague Dawley rats.
It is noteworthy that the coefficient of variance for the volume of the ischemic lesion reported in the literature has been found to lie between 33 and 39% (Mohamed et aI. , 1985; Gotoh et aI., 1986; Be derson et aI., 1986a) . These values compare with the figure of 33% found in the present study. Also, Coyle and his colleagues (1984) found a coefficient of variance of 41 % in those Wistar rats that dis played an infarction (versus 49% in our investiga tion). Thus, the variability in the Wi star and Sprague-Dawley strains precludes any reasonable experimental modulation of the volume of infarc tion.
Bederson and his colleagues (1986a) as well as Shigeno and his co-workers (1985a) reported a cor tical infarction rate of less than 100% (67% and 88%, respectively) following a single proximal co agulation of the middle cerebral artery in Sprague Dawley rats. We consistently observed a cortical infarction in this rat strain; the difference might be explained by our approach of increasing the length of the coagulated middle cerebral artery in those animals in which the lenticulostriate arteries were seen to arise more distally than usual.
Anatomical variations
One might suppose that the rat, in contrast to humans, would display a lesser degree of anatom ical variability at the level of the circle of Willis; in humans, at least 50-60% of dissected circles of Willis may be considered anomalous (Alpers et aI., 1959; Riggs and Rupp, 1963) . However, there have been few detailed analyses of the intracranial, arte rial circulation of the rat. Earlier studies indicated that there are few major differences between Wi star-Kyoto and spontaneously hypertensive rat strains and that, in both, the gross anatomy of the cerebral circulation is not importantly dissimilar to that found in humans (Yamori et aI., 1976; Rieke et aI., 1981) . In the detailed study of Brown (1966) , many morphological features not previously de scribed were observed. For instance, the incidence of abnormalities in the rat circle of Willis was as frequent as that seen in humans. Very often, con siderable asymmetry was apparent between the sides of the circle of Willis. A double origin from the circle of Willis for the middle cerebral artery (buttonhole formation) is not infrequently ob served, especially on the left side. It is thus prob able that the considerable degree and incidence of abnormalities and anomalies in the rat circle of Willis could explain the variability of the infarction volume that was found in strains such as Sprague Dawley and Wi star. Nonetheless, we add the fol lowing caveat: if the anatomical variations of the rat circle of Willis are determined genetically, then one might expect the rapid development of differing populations (in terms of cerebrovascular anatomy) even within a given strain of rats.
Age
Stroke, the consequence of major cerebral arte rial occlusions, is clearly an age-related disease (Kannel et aI., 1984) . Whether benign aging per se or superimposed age-related diseases (such as ath erosclerosis) may affect the cerebral circulation is unclear. Resting blood flow may or may not decline with age (Fujishima and Omae, 1980; Davis et aI., 1983; Yamaguchi et aI. , 1983; Shaw et aI. , 1984) , and it has been proposed that cerebral blood flow is age-invariable if the subjects are screened to ex clude disease states (Creasey and Rapoport, 1985) . While resting blood flow may not be modified by age, it is possible that there is an impaired reac tivity of the cerebral circulation. Accordingly, there is some evidence for an impaired autoregulatory re sponse (Wollner et ai., 1979) , a reduction in the va soconstrictor response to hypocapnia (Yamaguchi et aI., 1979) , and a mild impairment of the hyper capnic vasodilatation in elderly humans (Yamamoto et aI., 1980) . This latter observation has been con tested (Davis et ai. , 1983) ; nonetheless, in the aged, normal rat there is a decrease in the cerebrovas cular reactivity to hypercapnia despite the fact that normocapnic blood flow is age-invariable (Hoffman et aI., 1982b) . Certainly, both histological and func tional investigations suggest that human cerebral vessels become stiffer with age (Fang, 1976; Naga sawa et aI. , 1979) .
We found no correlation between the infarction volume in young (3-and 9-month-old) and elderly (20-month-old) Fischer-344 rats. This lack of change in ischemia-induced brain necrosis could suggest that cerebrovascular reactivity, the anasto motic network, and the opening of collateral channels were the same in the three age groups. However, it is known that the repercussions of global cerebral ischemia are more severe in very old (30-34-month-old) Sprague-Dawley rats, in which there is evidence of atherosclerosis (Wiern sperger et aI. , 1978; Wexler, 1979) . To elucidate the discrepancies between the consequences of focal and global ischemia, it may be interesting to study middle cerebral artery occlusion in even older Fischer-344 rats though it should be remembered that the mean life expectation of this strain is ap-proximately 29 months (Chesky and Rockstein, 1976) .
Hypertension
It has long been recognized that chronic arterial hypertension, while not affecting resting cerebral blood flow, will greatly reduce the capacity of the cerebral circulation to dilate in the face of stimuli such as hemorrhagic or drug-induced hypotension. While most of these hypertension studies have been carried in humans and nonhuman primates, the same situation holds true for spontaneously hy pertensive rats (Fujishima and Omae, 1976a; Hoffman et aI., 1982a; Fredriksson et ai., 1984) .
Chronic arterial hypertension is closely asso ciated with cerebrovascular accidents in humans (Gautier, 1983) . Stroke-prone spontaneously hyper tensive rats, a strain characterized by extreme hy pertension, display naturally occurring hemor rhagic and ischemic infarctions (Yamori et aI., 1982; Fredriksson et ai., 1985) . The question is whether the incidence of stroke increases with chronic arte rial hypertension or whether this hypertension ex acerbates the neuropathological consequences of an ischemic insult.
Our studies demonstrate that middle cerebral ar tery occlusion provokes a greatly increased ne crotic volume in both stroke-resistant and stroke prone spontaneously hypertensive rats compared with Wistar rats. Thus, our findings agree with re sults demonstrating a greater vulnerability of spon taneously hypertensive rats to global ischemia (Fu jishima and Omae, 1976b; Kakihana et aI., 1983) and a semiquantitative study in which an increased infarct size was found in stroke-prone spontane ously hypertensive rats following middle cerebral artery occlusion (Coyle et aI., 1984) .
Two hypotheses may be advanced to explain the markedly increased infarction volume that is asso ciated with the strains of rats that display chronic arterial hypertension. First, spontaneously hyper tensive rats show a medial hypertrophy in their ar teries that is translated as a decreased functional compliance; this factor limits the overall dilatation in response to impending ischemia (Winquist and Bohr, 1983; Johansson, 1984; Nordborg et ai., 1985) . The second hypothesis is more speculative. Focal ischemia is accompanied by the development of brain edema (Hossmann, 1982; Ta mura et aI. , 1983; Gotoh et aI. , 1985) . Both drug-induced acute hypertension (Fenske et aI. , 1978) and chronic renal hypertension (Hayakawa et aI., 1979) exacerbate the importance of the brain edema that accompa nies the occlusion of the middle cerebral artery in experimental animals. For example, chronic hyper-tension in cats was associated with larger ischemic infarcts (Hayakawa et aI. , 1979) . Thus, a cerebral edema of increased severity may predispose toward larger cerebral infarctions, as we have found in spontaneously hypertensive rats. This hypothesis, if verified, could have considerable implications for the pathophysiology of ischemic infarctions in hy pertensive patients.
Diabetes
The incidence of ischemic stroke is greater in dia betic patients (Kannel et aI., 1984) ; furthermore, it has recently been shown that the neurological out come of an ischemic stroke is significantly wors ened by preexisting diabetes (Pulsinelli et aI. , 1983) . Clinical studies have suggested that, in pa tients with hyperglycemia, there is a more pro nounced cerebral edema following the cerebrovas cular accident, which, in turn, is associated with an exacerbated clinical outcome (Berger and Hakim, 1986) .
The conclusions drawn from experimental studies are conflicting. In situations of global cere bral ischemia it would seem that hyperglycemia markedly augments the morphological brain damage (Kalimo et aI., 1981; Pulsinelli et aI. , 1982) and is greatly detrimental to the recovery of an imals following an episode of global ischemia (Ginsberg et aI. , 1980; Welsh et aI. , 1980; Siemko wicz, 1981 ). Yet other morphological and biochem ical studies are in complete contradiction and sug gest that hyperglycemia is not necessarily an unfa vorable condition for the outcome of global cerebral ischemia (Ibayashi et aI. , 1986; Voorhies et aI., 1986) .
Similar discrepancies are found in the few pub lished studies on the influence of hyperglycemia on focal cerebral ischemia. Venables and his co workers (1985) demonstrated that hyperglycemia induced a further reduction in blood flow in the brain tissue that surrounds the core of the infarc tion, clearly a detrimental effect. However, it has also been reported that hyperglycemia increases glucose phosphorylation in the infarct rim, an effect that was related to a neuronal preservation around the focus of the infarction (Nedergaard and Diemer, 1985; Nedergaard and Astrup, 1986) .
Our studies are in agreement with the former in vestigation and disagree with the latter. Hypergly cemia clearly augmented the volume of infarction, as shown by quantitative histology in the two rat strains that were submitted to focal cerebral isch emia.
Several factors may be responsible for the exac erbated brain lesion that was associated with strep-J Cereb Blood Flow Metab, Vol. 8, No.4, 1988 tozotocin-induced diabetes. First, in the presence of a focal ischemic lesion, hyperglycemia could in crease the cerebral lactacidosis and prolong the an aerobic glycolysis (Siemkowicz and Gjedde, 1980) . Second, both acute hyperglycemia and streptozo tocin-induced diabetes provoke a marked decrease in regional cerebral blood flow (Duckrow et aI. , 1985 (Duckrow et aI. , , 1987 Harik et aI. , 1986) , and this oligemia could only aggravate the ischemia-induced brain necrosis. Furthermore, the cerebral vasodilatatory response to hypercapnia is diminished in diabetic patients (Dandona et aI. , 1978) , and this phenom enon might compromise the patency of collateral channels following middle cerebral artery occlu sion. Other hyperglycemia-related factors that could predispose to an increased volume of infarc tion include early microvascular pathology (Bohlen and Hankins, 1983) ; the possibility of altered vaso motor reactivity (Hagen et aI. , 1985; MacLeod and McNeill, 1985) ; and the possibility of a modifica tion in the permeability of the blood-brain barrier (Lorenzi et aI. , 1986; Maepea et aI., 1984) . Finally, although the diabetogenic effect of streptozotocin is mediated by irreversible damage to pancreatic � cells, streptozotocin has been reported to rapidly induce a significant arterial hypertension (Kawa shima et aI. , 1978) . However, the hypertensive properties of streptozotocin in the rat have been contested (Kohler et aI., 1980) . Thus, the dissection of which diabetic-related factor (or factors) is re sponsible for the exacerbation of the ischemic le sion will not be an easy task.
GENERAL CONCLUSIONS
Several conclusions may be drawn from the re sults of the present investigation. Following the subtemporal coagulation of the rat middle cerebral artery, a consolidated infarction is manifest in 2 days. This infarction can be meaningfully quanti fied by standard histology. Although there exists major differences between strains, in Fischer-344 rats the infarction is relatively important yet the co efficient of variance is low; also, there is a consid erable reproducibility between groups, allowing, for example, detailed metabolic studies as in our companion paper (Nowicki et aI., 1988) . While the infarction volume is not a function of age, experi mental hyperglycemia (streptozotocin-induced dia betes) leads to a significantly increased volume of necrosis. Finally, chronic arterial hypertension in spontaneously hypertensive rats is associated with an exacerbated volume of necrosis following middle cerebral artery occlusion.
